Background: Sleep is crucial for cognition, particularly for memory, given its complex association with neurodegenerative processes. The aim of the present study was to examine the association between sleep quality as well as sleep duration and memory performance in a Greek elderly population. Setting: Cross-sectional design in the Hellenic Longitudinal Investigation of Aging and Diet (HELIAD), a population representative study of Greek elderly (65 years or older). Methods: Data from 1589 participants free of sleep medication were included. Sleep quality was estimated by using the Sleep Scale from the Medical Outcomes Study. An extensive neuropsychological assessment examining memory was administered to each participant. Linear regression analyses were used to examine whether sleep quality (higher score, poor quality) and/or sleep duration were associated with memory expressed in the form of a z-score. Age, sex, education, and body mass index were included as covariates. The main analyses were conducted first on the total sample, then with the exclusion of demented participants, and finally with the exclusion of both demented and participants with Mild Cognitive Impairment (MCI). We then conducted further analyses on the non-demented, non-MCI group, initially stratified by Apolipoprotein E-e4 gene. We further examined the role of co-morbidities, as well as the association between sleep duration groups and memory. We also explored any interaction effect between sex and sleep quality/duration on memory. We then examined the associations between components of sleep measures and memory scores. Lastly, we examined the associations between sleep quality/duration and verbal/non-verbal memory separately. Results: In the total sample, we noted significant associations between sleep duration and memory (B = À0.001, p 0.0001), but not for sleep quality and memory (B = À0.038, p = 0.121). After excluding the demented participants, the associations were significant for: sleep quality and memory (B = À0.054, p = 0.023), and sleep duration and memory (B = À0.001, p 0.0001). After excluding both the MCI and the demented subjects, the associations between sleep quality and memory (B = À0.065, p = 0.006), and sleep duration and memory (B = À0.001, p = 0.003) were still significant. The association between the sleep duration groups and memory function was also significant, such that poor memory performance was associated with the longer sleep duration group. The results remained significant even after controlling for the co-morbidities, as well as after adding in the model anxiety and depression as covariates. Associations between sleep quality and memory, and sleep duration and memory were present in the ApoE-e4 non-carriers. The individual sleep questions that were probably shown to be driving E-mail address: at2859@cumc.columbia.edu (A. Tsapanou).
Introduction
Aging is associated with changes in sleep patterns. Self-reported sleep problems seem to reflect poor overall quality of sleep, which has also been linked to changes in cognition (Basner et al., 2007; Miyata et al., 2013; Ramos et al., 2013) . Sleep quality has been associated with cognitive performance in the elderly (Gildner et al., 2014) . Specifically, maintaining good sleep quality seems to promote better cognition and could protect against age-related cognitive decline (Scullin & Bliwise, 2015) .
Specifically regarding the association between sleep and memory, both sleep quality and sleep duration have been linked to memory performance (Miyata et al., 2013) . According to a recent study, good sleep quality has been found to promote recognition memory (Monaghan et al., 2016) . Poor sleep quality has been linked to a decline in declarative memory in another study (Backhaus et al., 2007) . Other findings have shown a significant effect of both sleep quality and sleep duration on episodic memory (Aly & Moscovitch, 2010) . Sleep duration has also been linked to episodic memory in a separate study of older adults (Nebes et al., 2009) .
Memory is a quite general and at the same time complex cognitive function including many different underlying cognitive processes such as verbal and non-verbal ones. Verbal memory has been linked to both sleep quality and sleep duration (Clemens, Fabo, & Halasz, 2005; Mu et al., 2005) . Literature examining the linkage between non-verbal memory and sleep is comparatively smaller, but associations mostly with sleep duration have been reported (Chee & Chuah, 2007; Fernandez-Mendoza et al., 2010) .
However, there are conflicting results on the associations between sleep and memory performance. According to a recent study, sleep quality, was not related to poor performance on memory or other cognitive tasks in older adults (Kawai et al., 2016) . Moreover, a different study showed that there were no significant changes in memory of older adults in relation to sleep quality (Scullin, 2013) . As for the sleep duration, the existing literature shows mixed results on the associations between short and long sleep durations and cognition (Faubel et al., 2009; Xu et al., 2011) .
The existing literature on sleep and memory also account for the impact of Apolipoprotein E genotype (ApoE-e4). ApoE-e4 has been associated with both sleep patterns (Gottlieb et al., 2004) and memory performance (Zlatar et al., 2016) . However, within this literature there is also a lack of associations between ApoEe4 and risk of specific sleep problems (Larkin et al., 2006; Saarelainen et al., 1998; Thakre, Mamtani, & Kulkarni, 2009; Tsapanou et al., 2015) .
There are gaps in the existing literature examining the association between sleep and memory. First, many studies are based on small sample sizes (Aly & Moscovitch, 2010; Miyata et al., 2013; Monaghan et al., 2016) or are focused on younger age groups, limiting its environmental validity (Kronholm et al., 2009; Monaghan et al., 2016) . Furthermore, there is limited relevant literature in Mediterranean countries. In addition, existing research on this topic typically has not incorporated a comprehensive neurological evaluation which would allow for detailed differential diagnosis or an accurate description of the cognitive status of each participant. Furthermore, not many studies have focused on memory function. Another study examining sleep quality/quantity and cognitive function in the elderly, used computer-assisted interviews and only self-completion questionnaires for the evaluation of cognition and sleep, limiting the accuracy and the validity of the results (Miller et al., 2014) . The same study was also focused on general cognitive function and not specifically on memory. Two other large population based studies which examined the association between sleep duration and cognitive function used either just only a brief assessment of cognitive status (a modified version of the Mini Mental State Examination [MMSE]) or a delayed word recall test (Faubel et al., 2009; Xu et al., 2011 Xu et al., , 2014 . Finally, most studies on this topic examine the influence of either sleep quality or sleep duration but do not examine the influence of both these variables on memory.
The present study was conducted in an attempt to bridge some of these gaps. More precisely, we aimed to examine the associations between self-reported sleep quality/duration and memory, in a large sample of older Greek adults; a population that is under-represented with regard to this topic. The data from this study may also permit future cross-cultural comparisons on this topic with other populations.
Methods

Participants
Participants were drawn from the Hellenic Longitudinal Investigation of Aging and Diet (HELIAD). HELIAD is a population-based, multidisciplinary, collaborative study designed to estimate the prevalence and incidence of Mild Cognitive Impairment (MCI), Alzheimer's Disease (AD), other types of dementia, as well as other neuropsychiatric conditions of aging in the Greek population. The study includes several demographic, medical, social, environmental, clinical, nutritional, and neuropsychological determinants as well as the lifestyle activities of each participant. HELIAD has been approved by the relevant Institutional Review Board. More detailed information about the study can be found in previously published work (Dardiotis et al., 2014) .
Sleep measures
Sleep quality was assessed using the Sleep Scale from the Medical Outcomes Study (MOS). This scale is a self-reported 12-item questionnaire (Spritzer & Hays, 2003) . Based on the manual of the specific scale (Hays, Sherbourne, & Mazel, 1995) , in the current study, sleep quality was examined by the Sleep Index II, by averaging the sum of the following questions: During the past 4 weeks: 1. ''How long did it usually take for you to fall asleep?" 2. ''Feel that your sleep was not quiet (moving restlessly, feeling tense, speaking, etc., while sleeping)?" 3. ''Get enough sleep to feel rested upon waking in the morning?" 4. ''Awaken short of breath or with a headache?" 5. ''Feel drowsy or sleepy during the day?" 6. ''Have trouble falling asleep?" 7. ''Awaken during your sleep time and have trouble falling asleep again?" 8. ''Have trouble staying awake during the day?" 9. ''Get the amount of sleep you needed?". Each of the questions has a possible rating of 1-6, based on the frequency of the sleep problem (see Appendix A). The sum of the sleep quality variable had a range of 1-54. Based on the manual, we reversed the sleep items needed in order for a higher score to indicate greater sleep dysfunction.
In order to also examine sleep duration, we used the following question: ''On the average, how many hours did you sleep each night during the past 4 weeks? Write in number of hours and minutes per night." The final variable used was the sum of the total duration calculated in minutes. To further examine any association between sleep duration ranges and memory performance, we differentiated three sleep duration groups. Large impact studies examining the association between sleep and memory have used as sleep duration cut-offs the following: <6 h, 6-8 h, >8 h (Kronholm et al., 2009; Miller et al., 2014; Xu et al., 2011) . Based on those, we created a trichotomous sleep duration variable: the short-sleepers (<360 min), the regular-sleepers (360-480 min), and the long-sleepers (>480 min).
For the purposes of our supplementary analyses, we used each individual sleep question of the sleep scale, with possible rating 1-6 and we reversed the items needed so that higher score indicates greater sleep dysfunction (see Appendix A).
Regarding reliability and validity of the MOS sleep scale in a Greek population, the following steps were taken: first, we followed a process of translation and back translation before finalizing the questionnaire form that was administered to our participants. Furthermore, as sleep quality (Sleep Index II) is concerned, in our group of non-demented, non MCI older (!65y.o.) participants (N = 1338), we conducted reliability analyses which revealed a high internal consistency (Cronbach's a = 0.729). We further associated the sleep duration question from the MOS with the one from the Athens Physical Activity Questionnaire (APAQ) Kavouras et al., 2016 asking: During the last 7 days how many hours (on average) per day did you sleep (including siesta)? As for the sleep quality, we associated the MOS Sleep Index II with the equivalent answers from the Neuropsychiatric Inventory (NPI). Specifically, we computed a new continuous variable summing up the following sleep quality questions from the NPI: Changes observed during the past month in; ''Difficulty falling asleep, Getting up during the night, Awakening too early in the morning, and Sleeping excessively during the day." Questions are dichotomous and the total amount of participants answered them was N = 690. In order to examine the associations between the two measures we used bivariate correlations. The Mean of the sleep duration from the APAQ was 7.2, with SD: 1.5. The correlation between the two sleep duration variables was statistically significant on a p level 0.0001 (r = 0.716). The correlation between the two sleep quality variables was also statistically significant (r = 0.357, p 0.0001). Thus, both sets of correlations support the evidence of convergent validity with regard to the MOS scale.
Last but not least, the existing literature shows a significant correlation between self-reported sleep problems and actual objective sleep measurements. Specifically, self-reported sleep duration has been correlated with objective polysomnographic characteristics (Armitage et al., 1997) , and self-reported sleep quality with actigraphy and polysomnography (Hita-Yanez, Atienza, & Cantero, 2013; Landis et al., 2003) , boosting the case that self-reported sleep questionnaires can reflect aspects of actual sleep.
Clinical -cognitive evaluations
A structured, in-person interview, consisting of a medical history report and physical examination, was conducted for each participant during each of the visits. All participants provided information about their current health status, any neurological condition, past medical problems, surgeries they might have been through, hospitalizations, and any use of medication. They also answered valid questionnaires about their daily activities, physical exercise, and diet. We used the Blessed Dementia Scale in order to examine any change in their self-care habits, activities, physical and cognitive function as well (Blessed, Tomlinson, & Roth, 1968) . In addition, the Lawton Instrumental Activities of Daily Living was used in order to examine the capacity of each participant to correspond independently to daily activities (Lawton & Brody, 1969) .
At the beginning of the evaluation each participant underwent a test for illiteracy which involved the participant reading a list of words and letters. In addition, a neuropsychological battery examining memory was administered. We examined verbal and nonverbal memory. To assess episodic verbal memory performance, we used the Greek Verbal Learning Test (GVLT). This is the Greek version of the California Verbal Learning Test, which assesses encoding, recall and recognition of 16 words which are initially read to the participant. For the purposes of the current study, for the evaluation of the verbal memory, we used an average composite of total raw scores counting the total sum of corrects (trials 1-5), immediate recall, and delayed recall (after a 30-min delay). Nonverbal memory was assessed by using the immediate and delayed recall scores from the Medical College of Georgia Complex Figure Test (GCFT) . This task is a commonly used neuropsychological measure assessing visuospatial construction and non-verbal memory, which includes four alternate forms for repeating assessments. The participant is asked to copy a complex figure as accurate as possible. The examiner then removes the figure and the participant is asked to draw it. Following a delay of approximately 30 min, the participant is asked to draw the figure again (Meador et al., 1993; Vlahou et al., 2013) For the total memory performance score, we used the sum of verbal and non-verbal tests (sum 5-trials correct, GVLT immediate/delayed recall, GCFT immediate/delayed recall).
First, z-scores were derived for each test, using the means and standard deviations (SD) calculated from the scores of the nondemented participants. The z-scores were calculated by subtracting the mean score from the individual score, and divided by the standard deviation. A higher z-score indicates better memory performance.
The diagnosis of the clinical/ cognitive status of each participant was reached through diagnostic consensus meetings of all the researchers and main investigators, both neurologists and neuropsychologists.
In an attempt to examine other sleep disorders that may be present in our sample, we collected information about; Restless Legs Syndrome (RLS) Allen et al., 2003; Garcia-Borreguero et al., 2006 , sleep and nighttime behavior disorders from the Neuropsychiatric Inventory (NPI) Cummings et al., 1994 , Rapid Eye Movements sleep Behavior Disorder (RBD) from the Semiqualified Clinical Fluctuating Cognition Rating Scale (Walker et al., 2000) , as well as sleep duration (including siesta) from the APAQ (Kavouras et al., 2016) .
Covariates
Age (years), education (years), and body mass index (BMI) were used as continuous variables. Sex was used as a dichotomous variable.
Co-morbidities: In the present study, co-morbidities were recorded by using a 23-item-clinical conditions-questionnaire. Specifically, information was collected for: hypertension, diabetes mellitus, coronary disease, myocardial infraction, congestive heart failure, arrhythmia, any other heart disease, dyslipidemia, COPD or other pulmonary disease, thyroid disease, hyperthyroidism, hypothyroidism, liver disease, renal insufficiency, peptic ulcer disease, cancer, arthritis, illicit drug use, traumatic brain injury (with loss of consciousness), seizure, syphilis, Parkinson's disease, Huntington's disease, multiple sclerosis, B-12 deficiency, normal pressure hydrocephalus, down syndrome, any other medical condition or operation. We created a continuous variable summing up the total number of clinical co-morbidities of each participant.
Based on the existing literature suggesting specific clinical factors being correlated with sleep problems and cognition (Riegel & Weaver, 2009; Yaffe et al., 2011; Young, Skatrud, & Peppard, 2004) , we further created a shorter variable including the sum of the 6 following parameters: hypertension, diabetes mellitus, coronary artery disease, myocardial infarction, congestive heart failure, and stroke. We then examined the association between sleep quality/duration and memory performance adding this new variable as a covariate.
As there is evidence that depression can be related to cognitive and specifically memory impairment (Grewe et al., 2016; Jorm, 2000; Schmutte et al., 2007) , we also included it as a covariate on a secondary analysis. The specific variable was drawn from the Geriatric Depression Scale (GDS), which is a 15-item selfreported questionnaire. In the analysis, GDS was used as a dichotomous variable, based on the existing literature (Fountoulakis et al., 1999; Yesavage, 1988) . Anxiety was drawn from the Hospital anxiety and depression scale. This is a 7-item self-reported questionnaire. The specific scale was used as a continuous variable in the analysis (Zigmond & Snaith, 1983) .
Statistical analysis
All statistical analyses were performed using SPSS 23 (SPSS, Chicago, Illinois). Nominally significant alpha values were defined as p < 0.05.
Unadjusted linear regression analyses
We used general linear models (GLM) with the previously described Sleep Index II first and then the sleep duration variable as the predictor, and the memory z-score as the outcome.
Adjusted linear regression analyses
Analyses were performed adjusting for: age, sex, education, and BMI.
As sleep medication can impact the cognitive performance of the participants, especially in the elderly (Otmani et al., 2008) , we excluded from the initial sample those who were under sleep treatment. More specifically, the sleep medication variable included narcotics, hypnotics, antipsychotics, anticholinergics, and phenobarbital drugs.
In our initial analyses, we used the total sample, then, we excluded the demented participants, and lastly, we excluded both the demented and the MCI ones. We conducted further analyses only on the non-demented, non-MCI group adjusting also for the co-morbidities. We also conducted further analysis adding in the model of non-demented, non-MCI group anxiety and depression as covariates. Given the evidence showing association between ApoE-e4 and both sleep problems, as well as neurodegenerative diseases, we further stratified our sample by this specific gene.
ApoE-e4 genotypes were transformed into a dichotomous variable based on the number of ApoE-e4 alleles: 0 if the individual does not carry any copy of the e4 allele (non-e4 carriers) or 1 if the individual carries 1 or 2 copies of the e4 allele (e4 carriers). Carriers of e2e4 alleles were not included in the initial sample due to the opposite effect of these two alleles (Berge et al., 2014; Cacabelos, 2003; Corder & Roses, 1996) .
We further explored the interaction between gender and sleep quality/duration on memory performance. We also examined the associations between each individual element of the sleep questionnaire and memory. We then explored the existence of any other sleep disturbances in this group as described before. To further examine any association between sleep duration ranges and memory performance, we differentiated three sleep duration groups.
Guided by the existing literature, we further examined any difference between verbal and non-verbal memory. For more accuracy, we performed factor analysis which revealed that sum of total correct, immediate recall and delayed recall from GVLT loaded into the first factor (verbal memory), explaining the largest percentage of variance. Immediate and delayed recall from the Georgia test loaded into the second factor (non-verbal memory).
Results
The initial sample consisted of 1943 participants, all aged 65 years or older (M = 73, SD: 5.3). After excluding participants being under sleep medication (N = 184), and those with missing data, the sample included in our main analyses consisted of 1589 participants. The demographic characteristics of our sample are presented on Table 1 .
From our non-demented, non-MCI group, 33 (4.8%) participants reported sleep and nighttime behavior disorders, while 85 (6.4%) reported having vivid dreams, and 28 (2.1%) reported intense movements during sleep. 92 (7.4%) participants met the RLS criteria.
In the total sample, longer sleep duration was related to low memory performance (B = À0.001, p 0.0001), but not sleep quality and memory (B = À0.038, p = 0.121). After excluding the demented participants (final N = 1520), both the associations between sleep quality and memory (B = À0.054, p = 0.023) and sleep duration and memory (B = À0.001, p 0.0001) were statistically significant. After excluding both the demented and the MCI participants (final N = 1338), associations between sleep quality and memory remained significant (B = À0.065, p = 0.006) (see Graph. 1), as did the associations between sleep duration and memory (B = À0.001, p = 0.003), with longer sleepers performing low in memory tests. After adding both sleep measures at the same regression model (excluding both the demented and the MCI participants), the associations remained significant for sleep quality and memory (B = À0.072, p = 0.003), as well as sleep duration and memory (B = À0.001, p 0.0001). The results for the total sample, excluding the demented and excluding both the demented and the MCI participants are presented on Table 2 . Further analyses on the non-demented, non-MCI group: In our sample, the mean number of clinical co-morbidities was 2.1 (SD = 1.5). After including the total number of clinical comorbidities in the model, the association between sleep quality and memory remained significant (B = À0.068, p = 0.005), as well as the association between sleep duration and memory (B = À0.001, p = 0.003). The results did not change when we adjusted for the variable with the six most common comorbidities [sleep quality and memory (B = À0.066, p = 0.005) and sleep duration and memory performance (B = À0.001, p = 0.003)].
Anxiety and depression: In the analysis of the non-demented, non-MCI group, after adding anxiety and depression in the model, the results remained significant for both the association between sleep quality and memory performance (B = À0.066, p = 0.006) and between sleep duration and memory as well (B = À0.001, p = 0.003). The association between the sleep duration groups [the short-sleepers (N = 666, 50%), the regular-sleepers (N = 592, 44.4%), and the long-sleepers (N = 74, 5.6%)] and memory performance remained significant (B = À0.100, p = 0.003) (see Graph. 2).
Linear regression models revealed no significant interaction effect between sleep quality and gender on memory (Β = À0.047, p = 0.309) or between sleep duration and gender on memory performance (Β = 0.000, p = 0.913).
From the 877 non-demented, non-MCI participants with data on the ApoE-e4 genotype, 154 (17.6%) were classified as carriers of the gene. There was a significant association between sleep quality and memory (B = À0.082, p = 0.017), as well as sleep duration and memory (B = À0.001, p = 0.006) for the non-carriers. We did not detect any significant association between sleep quality and memory (B = À0.067, p = 0.985) or sleep duration and memory (B = À0.001, p = 0.359) for the e4-carriers.
Our analyses examining the relationships between memory and specific sleep questions, revealed significant associations for the following: time needed to fall asleep (B = À0.033, p = 0.025), the feeling that sleep was not quiet (moving restlessly, feeling tense, speaking etc., while sleeping) (B = -0.034, p = 0.010), getting enough sleep to feel rested in the morning (B = À0.026, p = 0.013) and the feeling of getting the amount of sleep needed (B = À0.034, p = 0.001). The associations between memory and all the individual sleep questions are presented on Table 3 . Even though this was an exploratory analysis, we further performed Bonferroni correction for the individual sleep questions. Results remained significant for the association between the question 'Get the amount of sleep needed' and memory performance.
Finally, in the adjusted model of non-demented, non-MCI participants, our analyses exploring the role of the two memory categories revealed that verbal memory was significantly associated with both sleep quality (B = À0.202, p = 0.009), and sleep duration (B = À0.002, p = 0.016). The association remained significant for non-verbal memory and sleep duration (B = À0.001, p = 0.021). There was no significant association, however, between nonverbal memory and sleep quality (B = À0.027, p = 630).
Discussion
In the current study, we examined the relationships between sleep quality as well as sleep duration and memory performance, in a large sample of older Greek adults. After controlling for age, sex, education, and BMI, poor sleep quality was associated with poor memory performance. The results remained significant even after adjusting for co-morbidities or anxiety and depression. Furthermore, participants who reported longer night-time sleep, had low memory scores. The two sex groups seemed to not behave differently on the associations between sleep quality and memory, as Graph. 1. Association between sleep quality and memory performance. Linear regression model in the non-demented, non-MCI group. Sleep quality used dichotomously; poor sleep quality was significantly associated with low memory z-scores.
well as sleep duration and memory. The above associations were present to the non-carriers of the e4 allele of the ApoE gene. The most prominent sleep problems associated with low memory performance were: time to fall asleep, restless sleep, not enough sleep to feel rested, and report of not getting the amount of sleep needed.
Our findings indicate more memory deficits for the long sleepers and not the short ones. Even though most of the existing literature shows significant associations between both short and long sleep duration and low memory performance (Gildner et al., 2014; Kronholm et al., 2009; Lin et al., 2012) , other studies provide mixed results regarding these associations (Faubel et al., 2009; Kawai et al., 2016; Miyata et al., 2013; Monaghan et al., 2016; Scullin, 2013) . Based on our findings, long sleep duration could reflect both a greater physiological need for sleep, and/or a mechanism to compensate for poor sleep quality (Blackwell et al., 2006; Faubel et al., 2009) .
The results revealed significant associations for sleep duration and both verbal and non-verbal memory. Sleep quality though was significantly linked to verbal memory only. Verbal memory has been linked to both sleep quality and sleep duration in existing studies (Clemens et al., 2005; Mu et al., 2005) . The fewer studies examining the linkage between non-verbal memory and sleep, show mostly significant associations with sleep duration (Chee & Chuah, 2007; Fernandez-Mendoza et al., 2010) . This is in accordance to our findings. Interestingly, a different study suggests that obstructive sleep apnea, which is including both sleep quality and sleep duration problems, is associated with deficits in verbal but not non-verbal memory (Twigg et al., 2010) . The different lateralization of cerebral activation in verbal and non-verbal memory Table 2 Associations between sleep quality-duration and memory z-score as derived from linear regression analyses, first unadjusted, and then, adjusted for age, sex, education, BMI. Graph. 2. Association between sleep duration groups [the short-sleepers (N = 666, 50%), the regular-sleepers (N = 592, 44.4%), and the long-sleepers (N = 74, 5.6%)] and memory performance on the non-demented, non-MCI participants. Longer sleepers were significantly associated with low memory z-scores. could play a crucial role to the above associations (Breier et al., 1999; De Renzi & Nichelli, 1975) . There are several possible biological explanations for our findings. Melatonin may play a moderating role in the association between sleep and memory. Melatonin is an hormone that anticipates the daily onset of darkness, acting as a sleep promoter and as previous evidence has shown, may prevent/slow the progression of neurodegenerative diseases (Hardeland, Pandi-Perumal, & Cardinali, 2006) . Furthermore, low melatonin levels have been related to poor hippocampal function, and specifically memory performance (Santoro et al., 2016) . In a separate study, beneficial effects of drugs including melatonin were shown for memory enhancement in healthy and demented participants (Daulatzai, 2016) . Thus, low levels of melatonin could explain both poor memory performance, and bad sleep quality in the older population.
Circadian rhythms functions could be another possible explanation accounting for the link between sleep and memory. Circadian rhythms are physical, mental and behavioral changes that follow a roughly 24-h cycle, responding primarily to light and darkness in an organism's environment. According to recent literature, circadian rhythms have been connected to hippocampal memory consolidation (Yoo & Eckel-Mahan, 2016) . Furthermore, as sleep duration has also been associated with circadian rhythms (Jiao et al., 2013) , there might be a connection between sleep duration and poor memory performance.
In our attempt to define the link between sleep and memory, we cannot exclude the possibility that sleep dysregulation might be an initial symptom of an undetected subclinical neurodegenerative disease. According to existing longitudinal research, short and extended time in bed have been related to incident dementia in older adults (Bokenberger et al., 2016) . Furthermore, memory performance has been predictive for incident dementia (Mowrey et al., 2016; Tomata et al., 2016) . Amyloid-b (Ab) aggregation has been linked to AD pathogenesis, and Ab concentrations have also been connected with sleep patterns (Lucey & Bateman, 2014) . Thus, both sleep dysregulations and bad memory performance could be indicative of an upcoming neurodegenerative disease. We tried to address this possibility by excluding not only the demented subjects, but even participants with MCI. Although the associations between sleep measures and memory were still present, the possibility of incipient neurodegeneration in nondemented, non-MCI subjects remains. Further longitudinal investigation is warranted in order to clarify the above associations.
ApoE-e4 has been linked to both sleep patterns (Gottlieb et al., 2004) and memory performance (Zlatar et al., 2016) in most of the existing literature. According to our findings, there were significant associations between sleep quality/ duration and low memory performance in the non-carriers of the e4 allele. These results are not completely surprising as there is small but tangible literature showing no association between ApoE-e4 and sleep problems (Larkin et al., 2006; Saarelainen et al., 1998; Thakre et al., 2009; Tsapanou et al., 2015) or cognition (Turic et al., 2001) . A possible explanation for these findings could be related to statistical power. As the effect size on the two groups is similar (sleep quality and memory: e4 carriers: B = À0.08, e4 non-carriers B = À0.07. Sleep duration and memory: e4 carriers: B = À0.001, e4 non-carriers: B = À0.001), statistical significance in the non e4 carriers may be related to the larger size of this group (compared to the smaller number of the e4 carriers). Another possible explanation could be of biological nature. Carriers of the e4 allele have been found to have greater Amyloid b (Ab) burden than non-carriers (Strittmatter et al., 1993) . Thus, sleep could relate to memory performance independently of the Ab pathway. If this is true, it could constitute additional evidence against the possibility of reverse causation in this cross-sectional study: if associations between sleep and cognition were the result of incipient neurodegenerative-Ab changes, one would expect that the associations would be stronger in e4 carriers that are known to harbor more of such pathologic burden. Another factor playing significant role in our results could be the subjectivity of our sleep questionnaire. A recent study interestingly showed no significant association between subjective sleep problems and ApoE-e4 carriers, in contrary to the association with objective sleep measures, indicating that objective sleep quality may proceed subjective sleep complaints in healthy older adults (Drogos et al., 2016) . Future research would benefit from an examination of the influence of smallmodest genetic effects from multiple candidate genes in combination with specific environmental factors on sleep patterns. In the present study there are some limitations that should be noted. First, we did not have the opportunity to use objective measures of sleep such as polysomnography or actigraphy. According to previous studies, self-reported sleep measures tend to provide an overestimation of sleep problems (Lauderdale et al., 2008; Van Den Berg et al., 2008) . Moreover, the answers to the questionnaire referred to the last four weeks of the visiting time, and may not accurately represent chronic sleep patterns of the participants. Although we demonstrated convergent validity, full validation of the MOS scale in a Greek population is needed, ideally with objective sleep measures as the gold standard. Such work would be beneficial in establishing appropriate cut-off scores and norms for the Greek population for use in future research. In our analyses, effect sizes were small, which may partially stem from noise in sleep and cognitive instruments. The mixed results in the existing literature on the association between sleep and memory, and the low proportion of variability of memory performance explained by sleep measures may relate not only to sleep and cognition measurement issues. It is possible that many other parameters play an important role in this association. It is also conceivable that the true biological link between sleep and memory is feeble. The cross-sectional design of the study is another limitation, in so far as elucidating the directionality of the findings and further indicating the necessity of longitudinal analyses.
However, the current study has also several strengths. In our large sample of older adults, we used validated tests for the assessment of memory function, administered by trained psychologists or clinical neuropsychologists, in order to examine the association between both sleep quality, and sleep duration on memory performances in older adults. Furthermore, a clinical evaluation conducted by dementia experts in this study permitted a fine tuned classification of the study's sample cognitive status. We adjusted for many potential confounders. We performed secondarysupplementary analyses examining associations in participants at different cognitive strata. Our study also benefits from a unique sample, as it is drawn from a Mediterranean population. Given the potential cultural and sleep differences (i.e., siesta), as well as the lower proportions of e4 carriers (North-South European gradient) between these two samples, we considered it important to examine this topic in this specific sample. As the existing data in sleep and memory are not representative of this demographic, our sample may inform future research interested in crosscultural comparisons.
Conclusions
In summary, poor sleep quality and longer sleep duration were linked to low memory performance, in a group of older Greek adults. Further longitudinal research, as well as studies using objective sleep measures and biomarkers, are needed in order to shed more light into the probable biological underlying pathways of the above associations. Nevertheless, the present findings extend previous literature and may have significant public health implications for the older population.
